The optimization of the combined carbon dioxide reforming and partial methane oxidation over a 1% Pt/␥-Al 2 O 3 catalyst was studied in order to produce synthesis gas with hydrogen/carbon monoxide ratio close to 1, for applications in metallurgical and polycarbonates processes and for production of oxygenated compounds and hydrocarbons. The study was performed with the help of experimental design and two mathematical modeling approaches: empirical and phenomenological. Empirical polynomial models were employed to analyze the effects of the process variables on the response factors and the final correlation coefficients obtained were above 95%. The phenomenological model was obtained from individual mass balances and the obtained correlation coefficients were above 95% for CH 4 and N 2 , 90% for CO 2 and H 2 O and near 70% for H 2 and CO. The empirical modeling approach was found to be more efficient, simpler and led to better results than those obtained with the phenomenological model approach. Therefore, the empirical modeling was used for optimization of the process operation conditions. At an oxygen/methane ratio of 0.55 gmol/gmol and temperature of 950 • C, optimized process conditions were obtained with complete methane conversion, maximum carbon monoxide selectivity of 43% and minimum hydrogen/carbon monoxide ratio of 1.3, in absence of water.
Introduction
Synthesis gas, constituted by different quantities of carbon monoxide and hydrogen, can be used to produce high purity hydrogen streams and chemical products with high added values, such as hydrocarbons, oxygenated compounds and polycarbonates [1] [2] [3] [4] [5] . Industrially, synthesis gas is produced mostly by natural gas steam reforming, although this process 
The catalysts commonly used for synthesis gas production are based on the VIII metal transition group, including Rh, Ru, Pt, Pd, Ni and Co, supported on metallic oxides, such as TiO 2 , ZrO 2 , Al 2 O 3 , SiO 2 and MgO [2, 3, 11] . The synthesis gas production can be made by the combined process of carbon dioxide reforming and partial oxidation of natural gas, described as 2CH 4 + CO 2 + 1 2 O 2 → 3CO + 4H 2 (11) This process can produce low hydrogen/carbon monoxide ratios (near 1), which are appropriate for production of oxygenated compounds, heavy hydrocarbons by Fischer-Tropsch synthesis and carbon monoxide for synthesis of polycarbonates [4, 16] . Besides, the combination of these reactions is energetically favorable [12, 14, 15] . Addition of oxygen feed to the carbon dioxide reforming can reduce the carbon deposition on the catalytic surface and increase the methane conversion, although this can also cause the reduction of process selectivity [4] . Additionally, as the methane oxidation is highly exothermic, the temperature control of the reactor may be very difficult at certain conditions, leading to the formation of hot spots (huge temperature peaks in the catalyst bed). The addition of carbon dioxide feed to the partial oxidation reaction can significantly improve the reactor temperature control and reduce the risk of hot spot development, as the carbon dioxide reforming of methane is endothermic [14, 16] . Experimental design and mathematical modeling techniques are the mathematical tools normally used to optimize a process. Experimental design techniques were developed to allow the gathering of maximum process information with reduced number of experiments [17, 18] . Experimental design techniques usually rely on empirical model structures in order to interpret experimental data and provide optimum process operation conditions. Such empirical models have already been used to study the production of hydrocarbons from synthesis gas [19] . However, detailed mechanistic models are used much more often than empirical models for interpretation of catalytic processes. In this case, the mechanistic models are used as a basis for investigation of reaction mechanisms, for the estimation of adsorption and activation energies [7, 9, 10, 20, 21] and for evaluation of the mass and heat transfer rate constants in the reactor [22] [23] [24] . Process optimization can be accomplished after determination of the kinetic, mass transfer and heat transfer mechanisms and estimation of the model parameters.
In spite of the relatively high number of publications in the field, according to the available information, consensus has yet to be reached regarding the proper kinetic rate modeling of the reaction mechanism of syngas production. Besides, it seems that a systematic modeling approach has not been performed yet for the combined process. Therefore, the use of detailed mechanistic models for catalytic process optimization may not be very effective. Unfortunately, the scenario is similar for a very large number of catalytic processes, which encourages the development and use of empirical procedures for process optimization.
In this work, the optimization of the combined process of carbon dioxide reforming and partial oxidation of methane was studied in order to obtain maximum methane conversion, maximum synthesis gas selectivity and minimum hydrogen/carbon monoxide ratio, near 1, for applications in the metallurgical field and for production of oxygenated compounds, hydrocarbons and polycarbonates. The study was performed using a 1% Pt/␥-Al 2 O 3 catalyst, with the help of experimental design and mathematical modeling. The Pt/␥-Al 2 O 3 catalyst was selected for this study because this catalyst is used for syngas production in actual industrial sites. Besides, this is a standard catalyst for a large number of actual industrial applications.
Two modeling approaches were employed in this work: empirical and pseudo-phenomenological approaches. One of the main objectives of this paper is showing that the use of the so-called fundamental or phenomenological models for optimization of catalyst performance and process operation may not be the best approach for many reasons. First, because it is very hard to develop a sound kinetic basis to describe the behavior of the catalytic process for different catalysts and different processes as a routine work. Second, because the phenomenological model may lead to a large set of model parameters, which are very difficult to estimate due to the uncertain kinetic mechanism and to the usually high correlation among the various model parameters [25] . Third, because very frequently it is hard to know what the actual kinetic mechanism is, as different fundamental models are able to fit available kinetic data [7] . Finally, because data obtained during actual process operation conditions are not necessarily adequate for fundamental kinetic studies. Therefore, the so-called fundamental models most of the times are also empirical in a certain sense, so that it is very hard to say that such models may lead to better predictive performance when compared to much simpler model structures, commonly used by statisticians. One of the main objectives then was to observe whether the more fundamental phenomenological approach might lead to significant improvement of the catalytic process optimization procedure.
It will be shown here that the empirical modeling approach seems to be much more efficient for catalytic process optimization procedures, as it is much simpler and faster than the phenomenological approach. It will also be shown here that syngas with a minimum hydrogen/carbon monoxide ratio of 1.3 may be produced with complete methane conversion and carbon monoxide selectivity of 43% when the oxygen/methane feed ratio is equal to 0.55 gmol/gmol and reactor temperature is equal to 950 • C. 
Experimental

Catalyst
Apparatus
The reaction was performed in a micro U-shaped tubular reactor, built of quartz with cross-section diameter of 6 mm. The catalyst bed was placed in an enlarged reactor section with 15 mm of diameter and height of 25 mm, as presented in Fig. 1 . The reactor temperature was controlled with a digital controller/programmer (Therma). The flow of each gas stream was controlled with a mass flow meter (MKS Instruments). Concentration analysis was performed with a gaseous chromatograph (Chrompack CP 9001), using a packed column (HAYESEP D) and a thermal conductivity detector. The reaction set-up is shown in Fig. 1 . The reactants used were natural gas (79% CH 4 , 17% C 2 H 6 and 4% C 3 H 8 ), compressed and dried air over molecular sieve (20% O 2 , 79% N 2 and 1% Ar), and ultrapure CO 2 (99.99%). The water content of all gas streams used is guaranteed to be below 20 ppm.
Experimental design
The experimental conditions were defined using full factorial experimental design techniques. The reactions were performed at all combinations of the extreme and the central points of the process variables. This experimental plan was proposed in order to detect the possible existence of minimum and maximum points on the response factor surfaces. Extremes permit to estimate the linear effects optimally, i.e. the increase or decrease of response factors when process variables change. The central point permits to estimate the quadratic effects of the process variables.
The process variables were the oxygen/methane feed ratio, O 2 /CH 4 , the spatial velocity, gas hourly space velocity (GHSV) (12) and the temperature, TEMP. The GHSV was measured at the feed conditions, for pressure of 1 atm and temperature of 25 • C. Reactions were performed at O 2 /CH 4 ratios of 0.25, 0.40 and 0.55 gmol/gmol, GHSV of 10,000, 15,000 and 20,000 h −1 , with temperatures in the range of 600-1100 • C. Reaction conditions were selected in accordance with previous experience [4, 11, 14, 26] and are sufficiently broad to include operation conditions normally used at actual industrial sites. A reactor feed flow rate with CO 2 /CH 4 ratio of 0.37 gmol/gmol was used, in accordance with previous optimization studies [26] . The response factors were the methane conversion, carbon monoxide selectivity and hydrogen/carbon monoxide ratio (gmol/gmol), defined, respectively, as
and H 2 /CO ratio = molar% H 2 out molar% CO out (15) According to Eq. (14), the CO selectivity is defined as the molar fraction of CO obtained with respect to all the possible products of the reaction network. The optimization was performed by maximizing the methane conversion and carbon monoxide selectivity, and minimizing the hydrogen/carbon monoxide ratio, by means of an empirical and a pseudo-phenomenological model. In both approaches, parameter estimates were analyzed with a 95% confidence t-test. The parameter estimates that were not statistically significant within the 95% confidence levels were discarded. The empirical models were used to analyze the influence of the process variables on the response factors. Second-order polynomial models were used to verify the linear and quadratic effects of the process variables and their linear and quadratic interactions. The study employed normalized process variables, in order to compare the relative importance of model parameters and to obtain independent linear parameters. Therefore, process variables assumed the values (−1), (0) or (+1) for minimum, central and maximum values. The temperatures used were 600, 850 and 1100 • C, resulting in a three-level experimental design, with 35 experiments (3 × 3 × 3 + 8 replicates). Empirical parameters were estimated with standard least-squares procedures, using the statistical package Statistica 5.0 [27] .
The parameters of the pseudo-phenomenological model were estimated using experiments performed at seven different temperature levels (600, 700, 800, 850, 900, 1000 and 1100 • C). As discussed afterwards, the phenomenological model required a much higher number of experiments to allow the proper estimation of kinetic constants. The total number of experiments used in the estimation was 87 (3 × 3 × 7 + 24 replicates). The parameter estimation was carried out using maximum likelihood procedures [28] . Maximum likelihood procedures were needed because all responses are analyzed simultaneously and because experimental errors are different for each process response.
Experimental results
The combined process of carbon monoxide reforming and partial oxidation of natural gas led to methane conversions ranging from 25 to 100%, to carbon monoxide selectivity ranging from 3 to 44% and to H 2 /CO ratios within 1.2-2.8. The standard deviations of process responses were calculated with the replicates for O 2 /CH 4 ratio of 0.40 gmol/gmol, GHSV of 15,000 h −1 and all temperature conditions. The standard experimental deviation was equal to 2.64 for methane conversion, 0.81 for carbon monoxide selectivity and 0.07 for H 2 /CO ratio. The complete set of experimental data may be found in Larentis [29] , and in order to save space they will not be presented here.
It was verified that the catalyst deactivates at 1100 • C and carbon formation on the catalyst surface was detected at this temperature. The quantity of carbon formed was reduced with the increase of the O 2 /CH 4 feed ratio. The maximum temperature differences observed in the catalytic bed ranged from 5 to 10 • C, and were observed with the two thermocouples placed inside the reactor, as shown in Fig. 1 . This means that temperature heterogeneities are unimportant at the range analyzed (600-1100 • C).
Empirical modeling
Methane conversion
The empirical model used to describe the experimental methane conversion led to a linear correlation coefficient of 0.98. The O 2 /CH 4 ratio and the reactor temperature were shown to be the main variables affecting CH 4 conversion (%). The spatial velocity showed much less influence on this variable. The model obtained for the normalized variables was The methane conversion increases when increasing the reactor temperature and with addition of oxygen to the reaction. This could already be expected due to the increase of the combustion efficiency. The spatial velocity effect was limited probably because of the thermodynamic equilibrium constraints, as discussed afterwards.
Carbon monoxide selectivity
The empirical model obtained to describe the experimental CO selectivity (%) data in terms of the normalized variables was 
Hydrogen/carbon monoxide ratio
The experimental H 2 /CO ratio (gmol/gmol) was described in terms of the normalized variables by an empirical model with a linear correlation coefficient of 0.96. The resulting model was 
The temperature is the most influential process variable and this effect is related to the reactions that occur in the system. At the highest temperatures, the resulting H 2 /CO ratio, ranging from 2.0 to 2.5, was influenced by steam reforming and partial oxidation 4 ratio and the reactor temperature are the most important process variables, while the spatial velocity has a limited effect upon the response factors. In order to test the hypothesis that the thermodynamic equilibrium limits the GHSV effect, the experimental conditions of O 2 /CH 4 and temperature were used to simulate the equilibrium compositions of each component in the reaction system. The simulation package Aspen Plus 10.1 [30] was used to compute equilibrium compositions, considering that the components behave as ideal gases. It was possible then to confirm that the system operates close to the thermodynamic equilibrium conditions, specially at the highest values of O 2 /CH 4 ratio and temperature. Fig. 2 compares the empirical models responses and the simulated equilibrium states at the experimental conditions analyzed.
Pseudo-phenomenological modeling
Molar concentration data were used to build a pseudo-phenomenological model, obtained from individual mass balances for CH 4 , O 2 , CO, H 2 , CO 2 , H 2 O and N 2 . The CH 4 mass balance lumps the methane, ethane and propane concentrations in the system. It has been considered that the components behave as ideal gases. The model described the chemical reactions through a pseudo-homogeneous kinetics and the adsorption mechanisms are not included. This must not be seen as a major drawback for many reasons. First, the pseudo-homogeneous kinetics is the first approach to be used when detailed kinetic data is not available. Second, the pseudo-homogeneous kinetics leads to a smaller set of parameters to be estimated. For instance, assuming that reaction orders are equal to 1 and that each reaction step involves two different reactants, then the usual heterogeneous models (for example, Langmuir-Hinshelwood) will increase the number of model parameters by at least a factor of 3. Third, detailed model building and model discrimination is not required during daily routine optimization of catalytic process performance. Fourth, agreement has yet to be reached regarding the detailed reaction mechanism of the reactions studied here. Therefore, pseudo-homogeneous reactor modeling sounds very appealing for catalytic process optimization. It must also be emphasized that mass and heat transfer mechanisms were not considered in the model. Comparing the magnitudes of the reactor temperatures and of the temperature variation observed in the catalytic bed, neglecting of heat transfer effects sounds reasonable. The mass transfer was not included in the model in order to simplify the problem and reduce the number of parameters. In spite of the lack of kinetic basis for formulation of the phenomenological model, one should observe that the mass balance constraints are satisfied, which may be regarded as a significant improvement of the model structure.
The equations used to describe the phenomenological model were the individual and the global mass balances, written, respectively, as
and
The boundary conditions used to solve the system of differential algebraic equations were the known molar concentration data for each component on the reactor feed and the known volumetric feed flow rate. The molar concentration were calculated with the ideal gas law, as a function of the reaction pressure and temperature, using the molar fraction obtained by gas chromatography, as
The volumetric feed flow rates F m were measured at pressures and temperatures that were different from the reaction conditions. Then, the initial volumetric feed flow F 0 , associated to reaction conditions, was corrected by the relation
The reaction rates were described in mass basis by R cat i , defined as
The individual chemical reaction terms, R i , are defined as
where all reaction orders were assumed to be equal to 1. Reaction orders were not estimated in order to simplify the mathematical problem and reduce the number of parameters. It must be observed that estimation of reaction orders would double the number of model parameters, as each reaction step involves at least two different reactants. The velocity constants, k j , were modeled with Arrhenius Equation form. The estimated parameters were the activation energies and the frequency factors of the chemical reactions, E j and A j , described as
The phenomenological model applied to the combined process of carbon dioxide reforming and partial oxidation of methane employed the steam reforming, carbon dioxide reforming, water-gas shift reaction, partial and total oxidation of methane as the reaction system. Therefore, a total number of 20 model parameters had to be estimated, for direct and inverse reaction steps. Despite all model simplifications, the resulting set of model parameters is much larger than shown in Eqs. (16)- (18) which is used to describe very effectively the process responses. Oxygen consumption in the reaction is complete in all experiments, which means that the oxidation velocity rate constants are very high. Then, it is not necessary to use the Arrhenius Equation to the oxidation reactions. These reactions were included in the model through the modification of the components concentration in the reactor feed. It was assumed that the oxygen consumption can occur by the partial oxidation of methane, producing H 2 and CO and described by parameter λ, or by the total oxidation of methane, producing CO 2 and H 2 O and described by parameter ξ . The resulting modification of reactant concentration on reactor feed are presented in Eq. (26) , as follows 2ξ
The influence of the temperature on the oxidation reactions was described by a function similar to Arrhenius Equation, presented as
After these model simplifications are inserted into the model, the total number of estimable process parameters is reduced to 14. The steam reforming, carbon dioxide reforming and water-gas shift were employed in the model as reversible reactions, because the system is believed to operate very close to the thermodynamic equilibrium. The activation energies and frequency factors of these reactions were estimated. The water-gas shift reaction was described using its known equilibrium constant at 750 • C, k WGS,eq = 1.15 [31] , because at the temperature range used in the experiments, this value is not expected to vary significantly. Therefore, 12 model parameters must be estimated simultaneously. The set of algebraic differential equations was solved numerically with the help of the Dassl numerical procedure [32] . The complete set of differential equations can be described as
including the global mass balance shown in Eq. (20) . The estimated parameters obtained for the combined process of carbon dioxide reforming and partial oxidation of methane are presented in Table 1 .
The estimated parameters shown in Table 1 indicate that synthesis gas formation is mainly due to the total methane oxidation, followed by the steam reforming and water-gas shift reaction. The occurrence of total oxidation is evidenced by water formation in the reaction system until 900 • C. Surprisingly, the carbon dioxide reforming rate velocity was equal to zero, which Table 2 . The estimated parameters E j and A j presented very high correlation coefficients due to the mathematical expression of the velocity constant by Arrhenius Equation. This is an important aspect that makes the parameter estimation very difficult [25, 33] .
It must be emphasized that results presented in Table 1 could only be obtained when seven different temperature levels were used for parameter estimation. Results obtained for three temperature levels were meaningless from the physical point of view. Besides, given the huge correlation coefficients, parameter estimation was very slow. First, parameters had to be estimated on a one-parameter-at-a-time basis, with continuous and slow increase of the dimension of the estimation problem. This means that many days were required for building of the phenomenological model, which cannot be accepted for daily routine catalytic process optimization. Fig . 3 shows the composition profiles as functions of reactor temperature, and compares the estimated molar concentration data to experimental results. Molar concentrations were also compared to simulated equilibrium data obtained with the simulation package Aspen Plus 10.1 [30] .
The phenomenological model was able to describe the concentration profiles qualitatively with fair accuracy. The comparison of the estimated molar concentration values to experimental values, for all components and all reaction conditions, is shown in Fig. 4 .
The linear correlation coefficients for CH 4 and N 2 , presented in Fig. 4(a) and (f), are higher than 0.95, while for CO 2 and H 2 O, r is near 0.90. These coefficients are lower for H 2 and CO, approximately 0.7, indicating that the pseudo-phenomenological model presented estimation data with significant deviation from experimental values.
The results of the activation energies estimated and the correlation factors obtained for the phenomenological model are compatible with the literature [7, 10, 34] . In the work of Mark et al. [7] , many models were tested to describe the methane kinetics on the carbon dioxide reforming. Heterogeneous models, such as Eley Ridel, Lagmuir-Hinselwood, and a homogeneous model, based on the stoichiometric reaction were employed. The results of all models for methane concentrations were very close, with linear correlation coefficients ranging from 0.95 to 0.98, which is in good agreement with results presented here. Then, it can be seen that it is difficult to determine the kinetic behavior of the system, even when one component in one reaction is studied. In order to compare the pseudo-phenomenological results to those obtained by empirical modeling, the methane conversion, carbon monoxide selectivity and H 2 /CO ratio were calculated and are shown in Fig. 5 . It may be seen that, despite the smaller number of parameters, smaller number of experiments and much less rigorous model formulation, empirical model predictions may be regarded as much better in all cases. Therefore, for the case analyzed, phenomenological model building sounds unreasonable for practical catalytic process optimization. Fig. 5 shows that the empirical model fits the experimental data much better than the pseudo-phenomenological model. Using a confidence level of 95%, it can be verified that the empirical models are capable to describe all experimental data within the experimental error range. The models did not presented a tendentious behavior, because the predicted values are randomly distributed around the reference model. On the other hand, the pseudo-phenomenological model presented less accurate results, mainly for CO selectivity and H 2 /CO ratio.
The results obtained show that the pseudo-phenomenological model structure, in spite of all estimation efforts, is not good yet. This occurred because kinetic mechanisms for complex reaction networks, such as the synthesis gas formation, are not well known [2, 3, 7, 10] . If a good phenomenological model were required, it would be necessary to develop a good kinetic mechanism, to build reliable kinetic rate expressions and to estimate the tens of model parameters. Only after all this work it would be possible to optimize the catalytic process with the help of the good phenomenological model. This procedure is not efficient in industrial and commercial environments, because it is too slow and too expensive. As shown here, the empirical modeling approach may provide very good results in a much shorter period of time. Moreover, empirical models are simple, direct and easy to construct. When the aim of the study is the process optimization, it seems that the phenomenological modeling is not the best approach, because the empirical study is able to give the optimization responses much faster than the phenomenological approach.
Process optimization
In order to optimize the process and obtain maximum methane conversion and CO selectivity, with minimum H 2 /CO ratio, near to 1, the empirical models were employed. The optimization was performed independently for each empirical model. The experimental conditions that lead to optimum solutions for each model are very close for variables O 2 /CH 4 and temperature. Regarding the spatial velocity, however, the optimum points are different for each model, probably because of the effect of thermodynamic equilibrium. From a practical point of view, however, model responses are not very sensitive to variations of the GHSV, which means that it is possible to choose the spatial velocity that is more convenient for the process. At an oxygen/methane ratio of 0.55 gmol/gmol and temperature of 950 • C, optimized process conditions were obtained with complete methane conversion, maximum carbon monoxide selectivity of 43% and H 2 /CO ratio of 1.3. Model predictions agree extremely well with experimental results obtained, which means that this is indeed an optimum experimental condition for the catalytic process. Then, the combined application of experimental design and empirical modeling was very successfully applied to detect the optimum operation condition of the process.
Conclusions
It was verified, through the analysis of the obtained results with the help of experimental design and empirical modeling, that it was possible to optimize the combined process of carbon dioxide reforming and partial oxidation of natural gas at O 2 /CH 4 ratio of 0.55 gmol/gmol and temperature of 950 • C. At these conditions, the response factors were total methane conversion, 43% of carbon monoxide selectivity and H 2 /CO ratio of 1.3 gmol/gmol. The synthesis gas produced was formed by 56% of hydrogen, 43% of carbon monoxide, 1% of carbon dioxide, without water and with minimum carbon deposition on catalyst surface. The temperature and O 2 /CH 4 ratio presented the most important effects on the response factors. The spatial velocity had a limited effect because the system approaches the thermodynamic equilibrium. In spite of the reduced number of experiments, optimum operation conditions obtained with the three level experimental design may be regarded as very good.
It seems that the phenomenological analysis of a catalytic system cannot be a routine procedure for process optimization problems, because the good model performance depends on an accurate kinetic study. Besides, in this case, parameter estimation may be very difficult and demands significant computation effort, because of the high parameter correlation and the high problem dimension. Then, it may be said that the empirical modeling is more appropriate when the process optimization is aimed and the kinetic mechanism is not well known and should constitute a basis for routine catalytic process optimization.
